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ABSTRACT 

A study  of  the  electrical  conductivity  of  the  halogen  doped  trans- 
polyacctylene  system,  (CH)  , is  reported.  When  films  of  trans-(CH)^ 
are  exposed  to  chlorine,  bromine  or  iodine  vapor,  uptake  of  halogen 
occurs;  and  the  conductivity  increases  markedly,  over  eight  orders  of 
magnitude  in  the  case  of  iodine.  9 he  behavior  of  the  halogcnated  pol'y 
acetylene  is  like  that  of  a series  of  semiconductors  with  activation  energies 
which  vary  with  halogen  content.  The  heavily  doped  polyacctylene  shows 
metallic  behavior  with  the  semiconductor-metal  transition  near  2-3, o dopant 
concentration.  The  results  are  discussed  in  terms  of  a mode,  of  the  doping 
process  based  on  charge  transfer. 
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Int  roduction 


Linear  polyacetylene,  (CH)^,  is  one  of  the  simplest  conjugated  organic 
polymers  (Figure  1)  and  is  therefore  of  special  fundamental  interest.  From 


theoretical  and  spectroscopic  studies  of  short  chain  polymers,  the  TT-system 

1 

transfer  integral  can  be  estimated  as  S =-  2 - 2.  5 eV.  Thus  the  overall 


bandwidth  would  be  of  order  8-10  eV;  W '.=  2 z3.  where  z is  the  number  of 
nearest  neighbors,  3 is  the  transfer  integral  and  W is  the  bandwidth  in  the 


tight-binding  approximation.  The  electrons  from  the  unsaturated 


are  therefore  delocalized  along  the  polymer  chains.  However,  because  of 


the  combined  effects  of  bond  alternation  and  Coulomb  correlation,  there  is 


an  energy  gap  in  the  excitation  spectrum  leading  to  semiconducting  behavior, 
As  a result  of  the  large  overall  band  width  and  unsaturated  n- system,  (CH) 


is  fundamentally  different  from  either  the  traditional  organic  semiconductors 


made  up  of  weakly  interacting  molecules  (e.  g.  , anthracene,  etc.  ),  or  from 


other  saturated  polymers  with  monomeric  units  of  the  form 


where  there  are  no  rt-electrons  (e.  g 


polyethylene,  etc.  ).  Polyacetylcne 


is  therefore  more  nearly  analogous  to  the  traditional  inorganic  semicon 


ductors;  and  indeed  recent  studies  have  shown  that  (CH)  can  be  chemically 


doped  with  a variety  of  donors  or  acceptors  to  give  n-type  or 

, , 2.  3,  4,  5, 

scmiconduclo  rs. 


mer  system  concentrated  on  the  effort  to 


produce  pure  material.  Hatano  et  al 


depended  on  the  crystallinity  with  higher  crystallinity  giving  higher  con- 

7 

ductivity.  Berets  and  Smith  studied  the  effect  of  oxygen  content  on  poly- 
crystalline  powder  and  found  that  oxygen  in  the  polyacetylene  did  affect  its 
conductivity;  the  lowest  oxygen  content  yielded  the  highest  conductivity. 

g 

Their  best  samples  had  oxygen  content  as  low  as  0.  7%.  Shirakawa  et  al. 

pointed  out  that  the  room  temperature  conductivity  of  crystalline  films  of 

polyacetylene  depended  on  the  cis-trans  content  varying  from  10"^  Cl'1  cm”1 

-9 

for  the  trans  material  to  10  Q”1  cm”1  for  the  cis -isomer.  In  view  of  the 

sensitivity  of  polyacetylene  to  impurities  and/or  defects  as  demonstrated 

2-5 

by  the  doping  studies,  it  .appears  likely  that  the  intrinsic  conductivity 
of  pure  polyacetylenc  is  even  lower. 

In  this  paper,  we  present  a detailed  report  of  our  studies  of  the 
effect  of  halogen  doping  on  the  electrical  properties  of  polyacetylenc.  We 
find  that  the  electrical  conductivity  of  halogen  doped  (CII)  can  be  syste- 
matically increased  by  more  than  eight  orders  of  magnitude.  The  associated 
thermal  activation  energy  decreases  from  initial  values  of  about  0.  3 eV  to 
near  zero  (~  0.  01  eV).  The  maximum  room  temperature  conductivity  for 

iodine  dopant  exceeds  103  q"1  cm'1  . Preliminary  accounts  of  portions  of 

2,  3.  4 

this  work  have  been  reported  earlier.  'I  lie  present  paper  is  a more  thorough 
foevissed  study  on  the  halogens  as  dopants  in  an  attempt  to  develop  an  under- 
standing of  the  nature  of  the  doping  process  in  this  unusual  class  of  semi- 
conducting polymers. 


Sample  Preparation 


show  that  films  of  any  cis  and  t rans  composition  are  polycrystalline  and 

11,  12 

consist  of  matted  fibrils.  As  described  by  Shi  rakawa,  the  measured 

density  is  0.  4 gm/cm  compared  with  1.  2 gm/cm  as  obtained  by  flotation 

techniques,  indicating  that  the  polymer  fibrils  fill  only  about  one-third  of 

the  film  volume.  This  is  shown  clearly  in  electron  micrographs  obtained 

11,  12 

in  our  laboratory,  in  agreement  with  the  earlier  studies.  The 

8,  11,  12 

cis-trans  content  was  controlled  by  thermal  isome rization.  Samples 

used  in  this  study  were  95-9S'i»  t rans -polyacetylenc  as  determined  from 
their  infrared  spectrum;  typical  polymer  films  were  approximately  0.  1 mm 
in  thickness.  The  studies  presented  here  focus  on  the  trans-(CH)..,  since 
this  is  the  stable  isomer  at  room  temperature. 

In  general,  upon  doping  the  cis  isomer  appears  to  give  consistently 
higher  conductivity  values  (of  order  two  to  five  times  greater)  than  the 
t rans  isomer  even  though  the  t ra  ns  isomer  has  a higher  room  temperature 
conductivity  ( ~ 4 x 10‘r"  ohm'1  cm'1  ) than  the  ens  isomer  (~  2 x lO'^ohm'1  cm'1  ). 
Preliminary  experiments  suggest  the  same  final  product  is  obtained  from 

both  isomers  when  they  are  heavily  doped  and  that  the  products  are 

9 

pro  bn  b 1 y t_r  an  s . 


•I 


Caro  was  taken  to  achieve  pure  (CH)^.  starting  material  through 
extensive  washing  to  remove  all  catalyst,  with  subsequent  storage  ami 
handling  in  inert  atmosphere  to  minimize  oxygen  content,  Chemical 
analyses  of  typical  cis.  ami  I rons  (Cl!)x  films  (before  doping!  are  included 
in  Table  1. 

Halogen  Dop^ni'  Fsporiments 

?■ 

The  halogen  doping  effect  was  demonstrated  by  measuring  the 
room  temperature  elect  rical  conductivity  while  exposing  the  polymer 
film  to  a known  pressure  of  halogen  vapor.  For  example,  in  the  case  of 
iodine  a pure  (Oil)  film  was  mounted  in  a glass  vessel  to  which  a bulb 
containing  the  halogen  was  attached.  This  iodine  container  was  held  at 
fixed  temperature  to  produce  a known  vapor  pressure  of  halogen.  For 
bromine  and  chlorine,  the  pressure  was  monitored  directly.  The  level 
of  doping  was  determined  by  the  vapor  pressure  and  the  time  of  reaction. 

The  halogen  content  in  the  final  product  and  at  various  stages  in  the  reaction 
were  determined  from  weight  uptake  and  subsequently  verified  by  chemical 
analysis.  Typical  analyses  are  given  in  Table  1. 

Conductivity  measurements  were  made  without  extensive  pumping 
of  the  doped  films,  experiments  have  shown  that  the  change  in  conductivity 
is  relatively  insignificant  when  the  films  are  held  in  a dynamic  vacuum  at 
room  temperature.  For  example,  the  resistance  t a film  of  composition 
(CHl.ri  ) was  approximately  doubled  when  its  composition  was  converted 


5 

to  (CHI.  ^ft3)  _ after  one  hour  of  pumping.  After  three  hours  its  composition 
was  essentially  unchanged  [(CIII.^  after  four  days  it  was 

and  after  nine  days  of  continuous  pumping  a constant  composition  of 

13 

(CHI.  ^ ^ a ) was  obtained.  The  iodine-doped  films  changed  from  their 

characteristic  lustrous  silver  color  to  shiny-black  as  the  iodine  was 

removed.  The  color  and  conductivity  were  reversible  on  re-doping. 

The  on-line  conductivity  measurements  as  well  as  the  temperature 

dependence  experiments  utilized  the  standard  four-probe  technique.  Due 

to  chemical  activity’  of  halogen,  platinum  leads  and  Electrodag  were  used 

to  make  electrical  contacts.  Generally,  the  contacts  were  applied  after 

doping,  in  air  with  exposure  time  kept  to  a minimum  (typically  one-half 

hour).  However  tests  to  check  stability  of  the  samples  in  air  after  doping 

showed  insignificant  changes  over  the  time  periods  involved;  e.  g.  , he 

room  temperature  conductivity  of  (CHI  ) decreased  by  approximately 

o.  2 x 

30%  on  exposure  to  air  for  24  hours.  l'he  contacts  were  checked  to  be 
ohmic.  In  addition  to  Electrodag,  gold  evaporated  contacts  and  mechanical 
(pressed)  contacts  have  been  tried.  The  various  contacts  yield  conductivity 
data  which  are  consistent  and  without  significant  differences. 

Fig.  2 and  3 illustrate  the  effect  on  the  electrical  conductivity 
when  t rans  - polyac etylene  is  doped  with  halogens.  If  the  doping  expo  .■iment 
is  carried  out  at  a fixed  pressure,  the  conductivity  increases  rapidly’  as 
shown  in  Fig.  2;  when  polyacetylene  is  exposed  to  1 torr  of  bromine  vapor, 
the  conductivity  increases  by’  approximately’  a factor  of  1 O'*  during  the  first 
minute.  The  rate  of  change  subsequently  slows  with  0 approaching  a maximum 


H 


value. 


In  the  case  of  l> romisn'  and  chlorine,  continued  reaction  results  in 


a slow  decrease  of  the  conductivity  las  shown  tor  I>r  in  Figure  2).  For 
bromine,  the  maximum  eonductivitv  corresponds  to  a concent  ration  of 
about  5 mole  j where  o has  increased  hy  approximately  five  orders  of 


magnitude;  see  Fig.  -J,  Continued  i'x;vsuiv  results  in  an  insulator  eon- 


14 


taining  more  than  SO-".*  b routine.  Evidently  the  more  reactive  halogens  a 


to  the  double  bond;  at  the  highest  concent  rations  the  results  suggest  the 


21 


\ 


.nr 


formation  of  a substituted  nolve.thvleue,  ( — C — ) , in  which  tiro 

* 1 x 

TT-system  no  longer  exists. 

The  conductivity  of  the  iodine  doped  polyacetylene  approaches  a 

*> 

saturation  value  after  2 4 hou  r reaction.  By  careful  control  of  the  vapor 
pressure,  the  polymer  can  bo  doped  to  give  any  specified  conductivity  eve 
eight  order-;  of  magnitude.  The  results  from  a controlled  doping  experi- 
ment are  shown  in  Figure  3.  The  initial  increase  is  more  than  six  orders 
of  magnitude;  tu  rthe  r inc  rease  in  concent  ration  raises  the  conductivity 
another  factor  of  ten.  At  the  highest  concentration,  the  composition  (Clil^ 
has  an  average  conductivity  of  approximately  10“  d * -cm  * with  values 
ranging  from  30  d ~ * -cm'*  to  lbO  d'1  -cm  “ depending  on  the  detailed  vupo 
pressure  and  reaction  rate  during  doping.  A slower  rate  generally  appear 
to  yield  a higher  conductivity  value  suggesting  that  inhomogeneous  doping 
may  result  if  the  reaction  is  carried  out  too  rapidly.  As  noted  above 

« higher  conductivities  than  films  termed  by  doping 


cis-(CH)  films  give 


7 


trans-(Cll)  . Thus,  lust rous  silvery  films  of  (CHI  ) have  been  obtained 
*.  — X C.  *0  x 

from  cis-(CH)^  with  room  temperature  conductivities  > hOO  (fl-ctn)"1. 

After  doping  a film  to  saturation  at  the  composition  (CHI  ) , the  sample 

0(  22  x 

cell  was  subsequently  pumped  out,  and  the  sample  kept  in  vacuum  for  two 
days.  During  this  period,  the  conductivity  remained  high;  decreasing  only 
about  30*To  in  the  two  day  period  unde r vacuum. 

The  room  temperature  conductivity  of  bromine  and  iodine  doped 
(CH)^  is  shown  in  Figure  •«  as  a function  of  dopant  concentration.  In  this 
series  of  measurements,  each  sample  was  prepared  from  the  same  batch 
of  starting  material,  trans-(CII)  , and  doped  with  various  concentrations 
of  dopant.  The  room  temperature  conductivity  was  subsequently  measured 
in  air,  and  the  composition  was  determined  by  weight  increase.  It  should 
be  noted  that  in  the  case  of  bromine,  if  doping  is  stopped  in  the  high  con- 
ductivity regime  (e.  g.  . after  ZO  minutes  in  Fig.  2),  no  subsequent  addition 
of  the  bromine  in  the  doped  material  to  the  double  bond  occurs.  Addition 
only  takes  place  in  the  presence  of  excess  bromine.  In  the  case  of  iodine, 
no  addition  occurs  even  in  the  presence  of  excess  halogen. 

Tempo  ratn  re  Dependent  e of  the  Electrical  Conductivity 

The  conductivities  of  samples  of  polvac etylene  doped  with  various 
concentrations  of  bromine  and  iodine  were  measured  as  a function  of  tem- 


perature. The  results  are  shown  in  Fig.  5 and  6 for  (CilBr  1 and  (CHI  ' , 

y x y x 


" ■w"  ■ ~ ' ' ; ’-v" " 'T""  _ ""'*,rr 


respectively.  Tlu>  temperature  range  covered  by  the  measurements 

depended  on  the  resistance  of  the  sample;  for  the  highest  conductivity 

sample,  data  were  obtained  over  the  entire  range  from  300  K to  3 K. 

In  general,  we  find  that  the  conductivity  of  halogen  doped  polyacetylene 

dec  reases  with  decreasing  temperature.  However,  the  plots  of  £n&  vs.  l/T 

do  not  give  straight  line  behavior  as  seen  in  Fig.  5 and  6.  Plotting  the 

-A  -1, 

data  as  Ino  vs.  T 4 (or  T “)  tends  to  give  more  nearly  straight  line 

behavior  as  shown  in  Fig.  7a,  7b. 

The  general  behavior  shown  on  Fig.  5 and  6 is  toward  smaller 

activation  energy  as  the  dopant  concentration  increases.  We  use  the  initial 

slope  of  the  l/T  plots  to  determine  Hie  approximate  thermal  activation 

energy,  E , which  serves  as  a simple  index  of  the  conductivity  behavior. 

The  resulting  activation  energies  are  shown  in  Figure  8 as  a function  of 

concentration  y for  both  (CI-IDr  ) and  (CHI  ) Undoncd  nolyacelyl  one 

y x y X r ' 7 

, . . 8 
has  an  activation  energy  in  the  range  from  0.  3 eV  (t  rans)  to  0.  8 eV  (cis). 

However,  the  compensation  experiments  indicate  that  the  conductivity  in 

2 4 5 

the  undoped  polymer  results  /rum  residual  defects  and/or  impurities.1-’  ’ 
Unis  the  intrinsic  (C.H)^  activation  energy  is  probably  significantly  higher. 
On  doping  with  halogen,  the  activation  energy  drops  rapidly  reaching  a 
value  as  low  as  0.018  eV  at  about  20  mole  '!t>  iodine.  Similar  results  are 
obtained  from  bromine  doping.  In  the  latter  case,  K (Mr)  goes  through  a 
minimum  value  of  0.046  eV  at  about  5 at.  %,  increasing  at  high  bromine 


content  with  insulating  behavior  observed  in  the  fully  brominaled  compound. 


9 


• • ’ ■ ' WET*" ' 


The  rapid  initial  decrease  in  Kq  • tups  at  a concent  ration  y "‘0.02 
for  both  systems.  At  higher  value.  1 V'iR.  K).  K;>  is  small  and  only  weakly 


dependent  on  concentration. 


Phis  sharp  change  in  behavior  at  y ~ 0.02 


can  also  be  seen  in  the  room  temperature  conductivity  data.  l ip.  4,  for 
both  systems. 

Three  samples  of  the  high  conductivity  polymer  (CIlIo  ai,)x  were 
studied  from  300  K to  3 K.  Figure  9 shows  the  temperature  dependence 
of  (Clll  1 over  the  full  temperature  range.  The  average  activation 
energy  obtained  from  the  interval  300  K - 100  K is  (1.  37  A 0.07)  x 10‘a  eV. 
At  low  temperature  (3  K - 10  K)  the  average  activation  energy  is 
(10  ± o.  2)  x 1 0 eV.  Figure  10  shows  the  temperature  dependence  of 
one  of  the  high  conductivity  (CHI0t8a)x  samples  plotted  linearly  as  0 vs.  T. 
Although  the  conductivity  decreases  with  decreasing  temperature,  it 
clearly  is  not  activated.  Similar  results  were  obtained  earlier  for  samples 
heavily  doped  with  As  F . However,  if  cis-(CH>x  films  are  doped  with 
Ah V'  after  the  electrical  contacts  are  attached  to  the  film,  a significantly 
higher  room  temperature  coiidvn  tivity  (by  a factor  of  two  to  three)  is 
obtained  than  when  the  contacts  are  applied  after  doping.  Furthermore, 
as  the  temperature  is  towered,  the  conductivity  goes  through  a maximum; 
a small  but  definite  inc  rease  in  conduetivity,  followed  by  a dee  lease,  is 
oh.r.v.-.l  In  111.-  f.'vm.'r  ........  K I-®'  <“  npprnNinmU-ly 

?00  K),  ' ' Figures  9 and  10  indie  ate  that  a semiconductor  picture  with 
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a single  activation  energy  is  inadequate  to  describe  the  high  conductivity 
regime,  consistent  with  the  earlier  observation  of  a semiconductor-metal 
transition  at  high  doping  levels. 

Discussion 

The  sudden  change  in  the  concentration  dependence  of  the  conductivity 

and  the  activation  energy  near  y = 0.02  is  consistent  with  a semiconducto  r- 

to-metal  transition  near  the  Z°'o  dopant  level,  in  agreement  with  earlier  far 

3 

infrared  and  transport  stvidies.  The  temperature  dependence  studies 


indicate  that  samples  with  y < 0.  02  show  an  activated  conductivity  with  the 

activation  energy  being  a strong  function  of  dopant  concentration.  For 

y > 0.  02,  the  activation  energy  is  sufficiently  small  that  interfibril  contacts 

in  the  polycrystalline  polymer  films  may  be  playing  a limiting  role.  In 

fact,  the  value  of  a(300  K)  S 10"  (C-cm)'1  found  for  (CHI  ) is  greater 

16-19 

than  typically  found  for  (SN)  films  (reported  values  range  from 

10  (Cl-cm)  1 to  60  (fl-cm)'1  depending  upon  substrate  conditions),  (SN)x 

polycrystalline  compactions^  ^ (o  30  0 1 cm"1),  or  polycrystalline 

20 

compactions  of  TTF-TCNQ  (c  “ 15  C"1  -cm"1  ). 

The  behavior  of  the  conductivity  as  a function  of  temperature  shown 
in  Figures  5,  6,  7,  and  9 is  qualitatively  similar  to  that  found  for  films  of 
(SN)  where  the  temperature  dependence  has  been  attributed  to  i nte  rpa  rtlcle 
contact.  ^ ^ Studies  of  the  temperature  dependence  of  the  conductivity 

of  polyc  rystaltine  (SN)  ^ ^ and  organic  conductors  such  as  TTF-TCNQ 


I 


often  show  activated  behavior  even  though  the  single  crystal  data  indicate 
metallic  behavior.  The  low  apparent  activation  energy  and  high  room 
temperature  conductivity  of  doped  polyacct ylene  suggest  that  this  may  be 
the  case  in  these  systems  as  well.  Straight  line  behavior  for  plots  of 
JtnO  vs.  T"  ^ is  0ften  taken  as  indicative  of  variable  range  hopping^ 

in  three  dimensions  (d  = 3)  or  one-dimension  (d  = 1).  Although  the 
temperature  dependence  is  approximately  of  this  form  (see  Fig.  7),  the 
electron  microscopy  results  suggest  that  the  inter-fiber  contact  is  the 
dominant  effect. 

22,  23 

Raman  studies"  ’ ' of  iodine  doped  polyacetylene  have  recently 

identified  the  presence  of  I^“  in  the  metallic  polymer.  Based  on  this 

observation,  the  demonstration  of  stoichiometric  compensation  of  sodium- 

5 

doped  films  with  iodine,  the  observation  that  iodine  can  be  partially 

removed  from  the  more  heavily-doped  films  through  the  use  of  a suitable 

9 

solvent  such  as  n-pentane  or  by  pumping  and  the  analogy  with  graphite 

24 

intercalation,  wc  believe  the  doping  of  (C.I1)^_  results  from  charge 
transfer.  Charge  transfer  occurs  from  polymer  to  acceptor  (A)  with  the 
polymer  chain  acting  as  a polycation  in  the  presence  of  an  A species  (in 
the  case  of  iodine,  primarily  I-,  ).  For  a donor  (D),  the  polymer  chains 
act  as  a polyanion  in  the  presence  of  species.  The  A or  D+  ions  reside 
between  polymer  chains  and/or  on  the  surface  of  the  polymer  fibres.  The 
charge  transfer  need  not  be  complete.  The  resulting  electron  (or  hole)  on 
the  polymer  chain  is  weakly  bound  to  the  D*  (or  A ) ions  by  the  Coulomb 


12 


potential,  forming  donor  (or  acceptor)  states  in  the  gap.  At  low  levels, 

thermal  activation  out  of  the  bound  states  results  in  carriers  for  transport 

along  the  polymer  chain.  Above  approximately  2 °'o  doping,  the  bound  states 
3 

are  screened,  and  the  carriers  are  free  to  move  along  the  polymer  chains 
resulting  in  metallic  behavior. 

In  the  case  of  the  more  reactive  halogens,  bromine  and  chlorine, 
the  situation  is  evidently  more  complicated.  The  doping  experiments 
indicate  that  bromine  attacks  the  rr-system  at  least  at  high  concentrations 
and  actually  adds  to  the  double  bonds.  These  results  suggest  that  for 

optimum  transport  properties,  a dopant  should  give  charge  transfer  with 

«•  "f 

the  A”  ion  (acceptor)  or  D ion  (donor)  between  chains  but  not  involved  in 
a direct  chemical  bond  to  the  polymer  chain.  This  charge  transfer  doping 
gives  excess  carriers  without  disruption  of  the  delocalized  TT-system, 
thus  leading  to  relatively  high  mobility. 

In  summary,  we  have  shown  that  halogen  doped  polyacctylene  forms 
a class  of  conducting  polymers  in  which  the  electrical  conductivity  can  be. 
systematically  and  continuously  varied  over  a wide  range.  The  associated 
thermal  activation  energy  decreases  with  halogen  doping.  The  properties 
of  the  high  conductivity  compositions  are  suggestive  of  metallic  behavior 
in  which  the  transport  is  limited  by  into  rparticle  contact  in  the  polyc  rystalli  no 
films.  Studies  of  the  effects  of  different  halogens  have  provided  insight  into 
the  nature  of  the  doping  process  in  this  novel  organic  polymer. 
Acknowledgement:  This  work  was  supported  by  the  Office  ot  Naval  Research. 
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Chemical  Analysis  of  Pure  and  Doped  (CII)^  — 


C% 
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Halogen1^ 

Total 

<CH)* 

calculated 

92.  26 

7.  74 

100. 00 

cis-(CH) 

X 

found 

92.  16 

7.  81 

99.97 

trans-(CH)^ 

found 

92.  13 

7.  75 

99.  88 

trans-(CH!o 

calculated 

29.  34 

2.  46 

6S.  20 

100. 00 

found 

29.  14 

2.  62 

68.  26 

100.  02 

t«n.-(CHDr0 

calculated 

3S.  85 

3.  26 

57.  89 

100. 00 

found 

38.  S9 

3.  05 

58.  16 

100.  10 

a/  Galbraith  Laboratories,  Inc. 

b/  The  designation  "trans"  refers  to  the  isomeric  form  of  the  (Cll)^  employed 
in  the  doping  experiment.  It  does  not  necessarily  imply  that  the  doped 
material  has  the  same  isomeric  composition  as  the  original  (CIU^. 
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Chcrnic.il  structure  of  polyacetylene;  the  ci  s and  t runs 
isomers  are  shown. 


Electrical  conductivity  (4-probe)  of  trans-(CH)x  during 
doping  reaction  with  bromine. 

Electrical  conductivity  (4-probe)  of  trans-(CII)x  during 
doping  reaction  with  iodine.  Ihe  conductivity  is  normalized 
to  that  of  the  undoped  sample. 


4;  Electrical  conductivity  of  halogen  doped  polyacetylene  as 
a function  of  bromine  and  iodine  concentration. 


t n o vs.  *Ap 
of  bromine. 


for  (CHBr  ) with  various  concentrations  (y) 

y x 


6:  l n a vs.  typ-  for  (CHI 

iodine 

7a:  fno  vs.  VTi  for  (CHBr  ) with  various  concentrations  (y) 

of  bromine. 

7b:  fna  vs.  V-pi  for  (CHI 

of  iodine. 


) with  various  concentrations  (y) 

y x 


) for  various  concentrations  (y)  of 
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8:  Activation  energy  of  halogen  doped  polyacetylene  as  a 

function  of  concentration.  The  activation  energies  were 
obtained  from  the  slopes  of  the  curves  in  Figures  5 and  o. 

9:  Resistivity  of  (CHI?>-c)  plotted  as  ^np  vs.  V-p  over  the 

full  range  from  300  K to  3 K. 

10:  Temperature  dependence  of  the  normalized  conductivity 

for  two  concentrations  of  (CIll^)^. 

0 (undoped)  e a o (below  metal-insulator  t ransition) 
0.22  o o o (above  metal-insulator  transition) 
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